We explore the limits of liquid pumping by ''classical propellers'' with molecular-scale blades. Our molecular dynamics simulations reveal a huge sensitivity of pumping to the chemistry of the blade-liquid interface. We demonstrate selective pumping of hydrophobic and hydrophilic liquids, where the pumping rate is determined by the effective profile of the solvated nanoscopic blades. These results have important implications for a potential design and assembly of molecular pumps and motile devices. DOI: 10.1103/PhysRevLett.98.266102 PACS numbers: 81.07.Nb, 05.70.Np, 83.50.Ha Recent studies have demonstrated efficient dragging of molecules at the nanoscale, based on their Coulombic scattering with asymmetrically moving electrons [1-3], ions, or polar molecules [4] , in analogy to biological proton pumps [5] . Sensitive detection of molecular flows has also been proposed and tested [6 -9]. We could also build nanoscale systems that might selectively transport and dynamically sieve fluids in numerous physical, chemical, and biological applications [10] .
0:01 ps ÿ1 , in order to minimize the unphysical loss of momenta to the reservoirs [4] .
In Fig. 2 , we present the temperature dependence of the rotation (up) and pumping (down) rates of the bulk hydrophobic and hydrophilic propellers obtained in the hydrophobic dichloromethane (DCM) and hydrophilic water solvents. The results are obtained in averaging over a trajectory with 50 rotations for the applied torque of T 0:2 nN nm. As the systems are heated above the (normal) freezing points of the solvents, T DCM f 175 K and T water f 273 K, the rotation rates grow, due to smaller solvent viscosities. The hydrophilic propeller rotates slower, since its polar blades interact stronger with both solvents. Substantially slower rotation occurs in water that forms hydrogen bonds with its polar blades [18] [see inset in Fig. 2 (down) ].
The results agree with the Stokes' law that is largely valid at the nanoscale even in the presence of slipping boundary conditions [19, 20] . We can write it as T K!, where K is a constant determined by the shape of the propeller, is the dynamic viscosity, and ! is the angular velocity of the rotation. Since the viscosity is FIG. 1 (color online). The bulk (left) and surface (right) water propellers that pump water along the tube (z) axis and orthogonal to it, respectively. Both systems are based on the (8,0) CNTs and have covalently attached aromatic (hydrophobic) blades. Water is partly removed from the front to uncover detail of the propellers.
/ 1=T [21] , the angular velocity ! 2 is approximately proportional to temperature for a constant torque T , in agreement with Fig. 2 (up) . The angular-momentum dissipation rate, which limits the steady-state rotation of the propeller in the presence of weak driving, could be obtained from the equilibrium fluctuations of its rotation angle [22] . Solvent molecules are pumped by direct and indirect (mediated by other molecules) collisions with the propeller's blades. If they were noninteracting point particles (ideal gas), one would expect that all the molecules present in the volume that the blades can reach at should be pumped out in a half rotation (two blades). This volume roughly fills the space between a cylinder of the radius R T 0:45 nm [the van der Waals (vdW) interaction radius of the CNT], and R B 1:20 nm (the same including the blades), and its length is l B 1:1 nm. The volume of this cylinder is decreased by the blades of the vdW thickness 0:35 nm. From the density of the solvent molecules, we can estimate that this ideal pumping rate is P m 92 DCM and 170 water molecules per round, which correlates well with the rates in Fig. 2 . These rates are obtained from the average number of molecules that cross unidirectionally the box ends. To some extent, they are influenced by the presence of periodically arranged propellers (see discussion at Fig. 3 ).
The effective cross section and pumping rates of the molecular-scale blades can be dramatically changed by their interactions with the solvent molecules. In the DCM solvent, Coulombic and vdW interactions between the molecules and between them and the blades are weak, so the solvent molecules resemble ideal gas that ''slips'' on the blades in independent scattering events [23] . The same is true for the hydrophilic rotor, although weak Coulombic coupling of the blades and DCM slightly slows down the pumping. At high temperatures, momentum is dissipated faster and the pumping rate is reduced, as seen in Fig. 2 (down).
In the polar water solvent, molecules form clusters, transiently held together by hydrogen bonds [18] . This can effectively increase the cross section of the hydrophobic blades and the pumping rate over that estimated above by purely geometrical means, in agreement with Fig. 2 . In the case of hydrophilic propeller, water forms relatively stable hydration shells around the blades [24] [inset in Fig. 2 (down)] that reduce the effective space available for a direct contact of the pumped molecules with the blades. Tilting of the ''dressed'' blades becomes also less recognizable by more distant water layers in classical Navier-Stokes flowing. This causes drastic reduction of the pumping rates with respect to the hydrophobic propeller, as shown by the vertical arrow in Fig. 2 (down) . At high temperatures, the hydrogen bonds break down and the pumping rates increase and tend to be the same in both types of propellers. 
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T 300 K by the hydrophobic propeller. Here, ' is the angular coordinate of the oxygen atoms in the plane perpendicular to the tube axis. Pumping is realized by the torque of T 0:2 nN nm from negative to positive z in the cell of 4:6 4:6 4:6 nm 3 , with 13 longitudinal and 50 radial fictive boxes. Averaging is done over a large data set of 10 5 frames, separated by 50 fs intervals, where neighboring frames define the molecular shifts i (i x, y, z) in time . We sum the velocities v i i= of all the oxygen atoms located in the same box in all the frames, divide this sum by the box volume, and plot the relative values. This sum is proportional to the average density of mass flow, i.e., the product of velocity and water density (assumed to be roughly constant).
The first two peaks, seen at small r in both v z and v ' , are located at the radial separations from the tube center of the first and second water layers, r 0:7 and 1 nm, respectively [25] . These peaks signal relatively regular motion (mutual slipping) of the water layers already 0:3-0:5 nm away from the blade region. The molecular layers have also been observed in other simulations [26] and model studies [27] of flowing liquids. Around the blades (z 0), the longitudinal molecular motion is highly irregular, v z 0, and the molecular momentum is not conserved, due to scattering with the blades. After integrating this v z over the radial and angular coordinates, we found that the total water flows at different z differ by <15%, due to approximations. At z 0, v ' has a large peak, induced by the rotating blades, while beyond the blades this swirling rapidly decays. Note also that the pumping rate for the system in Fig. 3 is about twice larger than that in Fig. 2 , realized in 3:5 times smaller box. Therefore, the parallel propellers are here not influencing much each other.
The pumping rate should also depend on the relative size and shape of the molecules and the blades. We test the size dependence in pumping of n-alkanes, n-C n H 2n2 (n 5 ÿ 17), which are in a liquid phase at T 300 K and P 1 atm [28] . These alkanes, especially the longer ones, are of the same size or larger than the blades of the approximate size 0:8 1:1 nm, as seen in Fig. 4 . The number of molecules of each alkane is chosen such that they include roughly the same amount (5900) of atoms in the periodic box of 4:4 4:4 4:4 nm 3 . In Fig. 4 , we present how the alkanes are pumped with the hydrophobic propeller and the applied torque of T 0:2 nN nm. The smallest pumping rates are comparable to those obtained for water (1550 atoms=round) in the same box. The pumping rate increases until n-C 8 H 18 , since the blades can ''grab'' more atoms in larger molecules. In even longer alkanes, the number of atoms grabbed by the blades remains similar, but the number of atoms that are ''left out'' and hooked in between the other molecules grows. Releasing of these alkanes by the moving blades is hampered by significant alkane-alkane interactions, causing the drop of pumping rates.
It is also interesting to realize pumping of molecules on the surfaces of liquids, often covered by molecular monolayers of other materials. We investigate briefly pumping of water with the surface propeller shown in Fig. 1 (right) . The blades in the hydrophilic and hydrophobic surface propellers have the same atomic charges as in the bulk case. The propellers are positioned parallel to the water surface, and the blades are partly immersed in it. We use 9 9 dummy atoms to support 3500 water molecules, placed in a periodic box of 5:5 5:0 9:0 nm 3 . The torque of T 0:16 nN nm that is applied to the system, described by the NVT ensemble [14] .
In Fig. 5 , pumping of water by the surface propellers is shown as a function of the height of their mounting. During pumping, the propellers need to push their blades through the water surface. This can be resisted by surface tension, depending on the blade's chemical and structural parameters, the height of the rotor's mounting, and its angular velocity. Once the blades penetrate the water, the molecules are adsorbed to them and the rotor's body, and they can remain there during the rotation. In the inset of Fig. 5 , we can see their accumulation in the back of the hydrophobic propeller; for clarity, water is partly removed from the front of the submerged blade.
The presence of surface tension and molecular adhesion in this dynamical heterogeneous system requires to apply a certain minimal torque to rotate the propeller. At high temperatures, the propeller can only pump molecules that are lifted up by thermal expansion and excitation. The last option is relevant for the hydrophobic propeller only at T 350 K, where pumping at heights above h 0:3-0:4 nm is possible with rates N P < 500. Here, the propeller can rotate fast and irregularly, so it might chop water molecules off the surface and carry them around, as shown in Fig. 1 (right) . At lower temperatures, pumping is possible only at lower heights. The pumping rate increases more or less linearly with the depth of the blades, and when the rotor submerges together with the blades, additional   FIG. 4 (color online) . Dependence of the pumping rate N P on the number n C of carbons in the lipid molecule n-C n H 2n2 (n 5 ÿ 17), used in the pumped solvent. The lipids are comparable in size to the blade, shown in the inset.
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week ending 29 JUNE 2007 breaks emerge in it. The pumping rates of the hydrophilic propeller at T 300 K are smaller, as in the bulk propeller, and depend less on the height, due to the attraction of water to the blades (see attached movies [29] ). We have introduced nanoscale propellers of liquids and demonstrated that their pumping efficiency is highly sensitive to the size, shape, chemical, or biological compositions of their ''coral-like'' blades. In practical applications, the propellers could be mounted into CNT bearings [30] and rotated by mechanical, optical [31] [32] [33] , electrical [34] , or chemical means [35] , in analogy to molecular motors. These nanosystems could also work in reverse ''windmill'' modes [36, 37] and could be used in artificial motile machines [38] [39] [40] .
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